Olanzapine (OLZ), one of the second-generation atypical antipsychotics (SGAs), has shown relative advantages in patient adherence and outcomes. However, OLZ has also been associated with a higher incidence of weight gain than most other SGAs. Excessive weight gain may in turn contribute to long-term health concerns for some individuals. Zonisamide (ZNS), a medication approved in the United States as an adjunct in the management of epilepsy, has a diverse pharmacological profile, including sodium channel blockade, monoamine enhancement, and inhibition of carbonic anhydrase. ZNS has also been reported to cause weight loss in both humans and rodents. We hypothesized that this profile might be beneficial when co-administered with OLZ. To test this hypothesis, we evaluated the effects of OLZ on body weight, as well as the pathways known to regulate feeding behavior and arousal in the Sprague-Dawley rat. As indicated via c-Fos expression, we found an OLZ-induced activation in the nucleus accumbens and orexin neurons in the lateral hypothalamus. An OLZ-associated development of hyperphagia, weight gain and elevated blood glucose in the rat was also found. These outcomes were attenuated and reversed in the presence of concomitant ZNS. These results suggest the hypothesis that ZNS may effectively treat or prevent weight gain or metabolic changes associated with the SGAs. Future studies of this combination in patients through appropriately designed human clinical studies are encouraged.
INTRODUCTION
The second-generation antipsychotics (SGAs), or the socalled 'atypical' antipsychotics, were introduced in an effort to improve on the adverse events associated with the use of the first-generation antipsychotics (FGAs), which often lead to premature drug discontinuation and risk of clinical recurrence. The SGAs have been associated with a lower risk for dopamine (DA) D2 receptor-mediated adverse events such as extra pyramidal symptoms (EPS) (Conley and Kelly, 2005) . In turn, where tolerated, patients have reported an improved quality of life (Ritsner and Gibel, 2006) .
While relative adherence to treatment has been reported to be better with SGAs as compared with FGAs (Tandon, 2002) , as seen in the CATIE study, the majority of schizophrenic patients eventually discontinue treatment early . In addition, among SGAs, varying degrees of treatment-associated weight gain and related consequences still represent a significant concern (Tarricone et al, 2006) . Increased adiposity has been associated with alterations in fasting blood glucose, insulin, low-density lipoprotein levels, and cholesterol Ebenbichler et al, 2003; Henderson et al, 2005; Muoio and Newgard, 2006; Wofford et al, 2006) , and a subsequent increased risk for diabetes, morbidity, and mortality (Fontaine et al, 2001; Newcomer, 2005; Strassnig et al, 2003) .
Although the phenomenon of weight gain associated with both FGAs and SGAs is well recognized, a precise understanding of the mechanism is not. SGAs such as olanzapine (OLZ) have been found to cause rapid and pronounced hyperphagia in both rodents Cope et al, 2005) and humans (Brixner et al, 2006; Goudie et al, 2005) . One hypothetical pathway for this dramatic increase in food consumption may be the activation of orexin neurons in the lateral hypothalamus (LH), and in turn, the release of neuropeptides known to be critical in body weight regulation (Fadel et al, 2002) . SGAs, including OLZ, have also been hypothesized to acutely impair glucose metabolism and insulin sensitivity (Brown and Estoup, 2005; eder-Ischia et al, 2005; Newcomer, 2005) . Such adverse events are likely associated with patient noncompliance, place limitations on achieving potential SGA therapeutic advantages, and increase the risk of clinical decompensation and healthcare costs (Newcomer et al, 2004) .
This leads to the obvious need for a therapeutic strategy to prevent or treat SGA-associated weight increases. In some of the original studies with zonisamide (ZNS) for epilepsy, weight loss was a reported 'adverse event' (Tosches and Tisdell, 2006) . Subsequently, in a randomized controlled trial, Gadde et al (2003) reported that ZNS caused significant weight loss among obese adults. McElroy et al (2006) have also suggested that ZNS might be an effective therapy for binge eating disorder. Given that the female Sprague-Dawley rat has been demonstrated to be an effective model for OLZ-induced weight gain and increased adiposity (Albaugh et al, 2006; Kalinichev et al, 2006; Raskind et al, 2007) , we hypothesized that this model could be used to determine the profile of ZNS as a countertherapy for SGA treatment-associated hyperphagia, weight gain, or metabolic events.
MATERIALS AND METHODS

Subjects
Female Sprague-Dawley rats (Harlan, Indianapolis, IN) or male C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME) were singly housed under a 12-h light/dark cycle (lights on at 0700 h) and constant temperature (231C). Rodents were fed standard chow (Purina Lab Chow no. 5001; 3.34 kcal/g of energy, 59.8% carbohydrate, 28% protein, and 12.1% fat; Nestle Purina, St Louis, MO), with food and water available ad libitum. All experiments were performed in accordance with the Institutional Animal Care and Use Committee of the Oregon National Primate Research Center, Oregon Health and Science University.
Drugs
Drug doses were selected on the basis of prior unpublished dose-response studies consistent with other published behavioral and neurochemical studies, in order to minimize detrimental side effects, as well as approximate therapeutic blood levels. Pilot studies also indicated that the effects of OLZ and ZNS (Supplementary Figure S1 ) on body weight and food intake were dose-dependent, with higher OLZ doses causing sedation. No adverse tissue reactions were found to be associated with any of the drugs administered, and all drug and vehicle solutions were matched to physiological pH (7.35-7.45 ).
Drug TreatmentFFeeding Studies
To assess the effects of OLZ on feeding regulation and the impact of ZNS co-administration, female Sprague-Dawley rats were age-and weight-matched (230-275 g) and randomly assigned to four treatment groups of 4-6 animals. For osmotic mini-pump (Alzet s 2ML2; Durect Co., Cupertino, CA) infusions, rats were anesthetized using isoflurane and pumps were implanted subcutaneously (SC) between the shoulder blades using sterile surgical procedures. Mini-pumps were used to chronically deliver OLZ in order to minimize stress-related changes in food intake and body weight associated with daily handling and intraperitoneal (IP) injection. Osmotic mini-pumps were preloaded with OLZ (Eli Lilly and Co., Indianapolis, IN) at 1.75 mg/day or control placebo (1.5% lactic acid: 100 ml of 10% lactic acid/10 mg of drug) and delivered 5 ml per hour for 14 days. Osmotic mini-pumps were primed at 371C in 0.9% sterile saline for no less than 4 h prior to implantation. ZNS (Orexigen Therapeutics Inc., San Diego, CA) at 26 mg/ kg or a vehicle solution of 13.4% EtOH, 20.1% propylene glycol (PPG), and 66.5% saline (both vehicle and ZNS solution contained dimethylsulfoxide (DMSO) diluted to a final concentration of 10%) were injected (IP) two times daily (0900/1700 h) in a volume of 1 ± 0.2 ml on the basis of body weight. Since ZNS could not be delivered via osmotic mini-pump due to its low solubility, twice-daily injections were necessary to maintain efficacy. Each animal received an osmotic mini-pump, as well as twice-daily injections and comprised the following treatment groups: control + vehicle (CV), OLZ + vehicle (OV), control + ZNS (CZ), or OLZ + ZNS (OZ). This experimental protocol was used in two separate experiments. In one experiment, rats were injected twice daily with ZNS, commencing 2 days post-osmotic mini-pump implantation in order to determine whether ZNS treatment could inhibit OLZ-associated hyperphagia and weight gain. In another experiment, rats were injected with ZNS twice daily, commencing 8 days post-osmotic mini-pump implantation in order to determine whether ZNS treatment could reverse OLZ-associated hyperphagia and weight gain. As control for injection-associated stress, rats were sham injected with vehicle 1 week prior to drug treatment injections. Food intake (at the start of the experiment, an equal quantity of food by weight was available to each animal and daily food intake was measured by subtracting the daily weight of the remaining food from the weight of the food from the day prior at the same time each morning) and body weight were recorded daily. Cumulative daily and average daily feed efficiency were calculated as follows: change in body weight (g)/change in food intake (g). Statistical significance between treatment groups across time was calculated via two-way ANOVA using Bonferroni post tests.
Drug TreatmentFBlood Glucose
We studied potential acute changes in glucose related to OLZ-associated weight gain, as well as the impact of ZNS co-therapy on glucose homeostasis. Blood glucose was measured in female Sprague-Dawley rats (4-6 animals per treatment group on day 13 of chronic OLZ treatment/2 h after the 0900-h ZNS injection on day 5 of subchronic ZNS treatment of the hyperphagia and weight gain reversal experiment) via saphenous vein bleeds.
Our laboratory has extensive experience and expertise in using a male mouse model for acute glycemic control studies (Enriori et al, 2007) . We further tested the acute effects of ZNS on blood glucose using male C57BL/6J mice (5 animals per treatment group 2 h post drug treatment) via saphenous vein bleeds in order to investigate the mechanism of the effect of ZNS treatment on OLZ-associated glucose dysregulation and to determine to what extent increased blood glucose was weight-related. Mice received either OLZ (1.5, 5 or 10 mg/kg), ZNS (26 and 75 mg/kg), OLZ (10 mg/kg) + ZNS (26 mg/kg), or the vehicle in a volume of 0.1 ± 0.02 ml on the basis of body weight. Blood was collected (approximately 10 ml) using heparinized capillary tubes (15401-628; VWR International, West Chester, PA), applied to test strips (03145263001; AccuChek s Advantage; Roche, Basel, Switzerland), and analyzed using a glucometer (Accu-Chek Advantage, 860; Roche).
Drug TreatmentFImmunohistochemical Studies
To determine the cell types and brain regions putatively involved in OLZ-associated hyperphagia and weight gain, as well as the homeostatic effects of ZNS co-therapy, female Sprague-Dawley rats were age-and weight-matched (280-310 g) and randomly assigned to four treatment groups of 3-4 animals. Each animal was injected SC with one of the following: vehicle (13.4% EtOH, 20.1% PPG, 66.5% saline), OLZ (10 mg/kg), ZNS (30 mg/kg), or OLZ + ZNS in a volume of 1 ± 0.2 ml based on body weight (Robertson and Fibiger, 1996) . Drugs and vehicle were dissolved in a mixture of 1.5% lactic acid (100 ml of 10% lactic acid/10 mg of drug) for OLZ and in 10% DMSO for ZNS. Two hours post-injection, all animals were anesthetized with pentobarbital (50 mg/ml IP) and perfused with saline (300 ml), followed by treatment with 500 ml of fresh, cold 4% paraformaldehyde dissolved in 0.1 M sodium phosphate-buffered saline at pH 7.4. Each rat brain was removed immediately after perfusion and postfixed in 4% paraformaldehyde overnight (20 h). Brains were then washed in potassium phosphate-buffered saline (KPBS) (0.05 M) and stored in a solution of 25% sucrose.
Immunohistochemistry
Prior to sectioning, each brain was flash frozen in isopentane and stored at À801C. Each brain was cut using a microtome caudally to rostrally into 30-mm serial coronal sections (1 in 6) and cryoprotected in a 33% ethylene glycol, 33% sucrose, 0.05 M sodium phosphate solution. Sections were washed in KPBS and incubated in 1% hydrogen peroxide for 10 min in order to block endogenous peroxidase activity. To assess putative neuronal involvement of OLZ-associated weight gain, neurons known to be associated with feeding behavior (orexin and MCH) were examined for c-Fos activity. Sections were incubated with a rabbit polyclonal antibody (sc-52, 1:20 000; Santa Cruz Biotechnology, Santa Cruz, CA) directed against the N-terminus of the human c-Fos molecule, a goat polyclonal antibody (sc-8070, 1:5000; Santa Cruz Biotechnology) directed against the C-terminus of the human orexin-A peptide, and a chicken polyclonal antibody (T-1506, 1:3000; Bachem, Heidelberg, Germany) directed against the fulllength 18-residue human melanin-concentrating hormone peptide. Fos immunohistochemistry was performed using the Nickel-DAB method described by Sebens et al (1995) . c-Fos-Positive Cell Counts, Fluorescent Cell Counts, and Double Labeling c-Fos expression was determined by light microscopy (Nikon Eclipse E800 Series; Nikon, Melville, NY). Digital image capture (CoolSnapHQ camera system; Photometrics, Tuscon, AZ, using Metamorph software; Molecular Devices Corp., Sunnyvale, CA) allowed the analysis of c-Fos-positive cells by manual counting. Bilateral digital images at Â 10 magnification were fitted with a grid using Adobe Photoshop and blind to treatment group, manual cell counts of c-Fos positive cells (appearing round or oval and stained intensely black) were performed for each region of interest within a standardized area for each rat brain (Robertson and Fibiger, 1996) . For each sample of the same anatomical region of interest, the grid was placed with respect to local landmarks and with effort to place the grid consistently for all samples. There was some variance in the dimensions of each grid (1000-1500 Â 1000-1500 mm) as each region of interest differed in size and shape. Values are shown as the average number of c-Fos-positive cells per brain section for each region analyzed. The brain regions analyzed (identified using the rat brain atlas of Swanson, 1998) were the nucleus accumbens core (NAcC) and shell (NAcSh) and the LH, due to significant activity observed in these regions. A total of 4-8 anatomically matched sections per brain were analyzed for each treatment group. The number of single (orexin or MCH) or double labeled (orexin/c-Fos or MCH/c-Fos) cells was found by examining six levels of the hypothalamus per rat brain using a combination of fluorescent and light microscopy. Values are shown as the percentage of orexin neurons expressing c-Fos. Statistical significance between treatment groups was calculated by a two-way ANOVA using Bonferroni post tests.
RESULTS
ZNS Inhibits OLZ-Associated Hyperphagia, Weight Gain, and Increased Feed Efficiency
Rats treated chronically (2 weeks) with OLZ alone (OV, 1.75 mg/day) gained significantly more weight than the control animals (CV) on days 8 and 12, and consumed significantly more chow on days 5-12 of osmotic minipump infusion. Rats receiving OV treatment also gained significantly more weight than rats treated with OLZ and ZNS (OZ) on days 8, 10-12, and consumed significantly more chow on days 6-12 of osmotic mini-pump infusion (Figure 1a and b) . (The shaded area is the time of drug infusion, which is followed by a drug washout period.) In addition, OLZ (OV)-treated animals continued to eat significantly more chow than CV-and OZ-treated animals on days 13 and 14 following the end of the time of drug infusion ( Figure 1b) . OLZ treatment alone also significantly increased feed efficiency (change in body weight (g)/change in food intake (g)) on days 6-12 of osmotic mini-pump infusion compared with CV and on day 7 compared with OZ. This increased feed efficiency was also seen on days 13 and 14 following the end of the time of drug infusion compared with CV ( Figure 1c) . OLZ (OV) also induced a 23-fold increase in average feed efficiency (0.92 ± 0.04 vs 0.04±0.02) over CV-treated animals, and a 2.5-fold increase in average feed efficiency (0.92±0.04 vs 0.39±0.18) over OZ-treated animals during the entire course of drug treatment (Figure 1d ). In contrast, animals treated with ZNS alone (CZ, 26 mg/kg twice daily) lost a significant amount of weight vs CV on days 5, 6, and 13, and showed a trend toward decreased food consumption on days 5-12 and 14, and consumed significantly less chow on day 13 (Figure 1a and b) . ZNS treatment alone also significantly decreased feed efficiency on day 5 of osmotic mini-pump infusion ( Figure 1c ) and induced a threefold decrease in average feed efficiency (À0.08±0.04 vs 0.04±0.02) from CV ( Figure 1d ). There were no significant differences in body weight, food intake, or feed efficiency between the CV-treated animals and the animals administered ZNS in addition to OLZ infusion (OZ) on any treatment day (Figure 1a-d) . Thus, not only did ZNS administration induce weight loss in vehicle treated animals, it also inhibited chronic OLZ-associated hyperphagia, weight gain, and increased feed efficiency in OLZ-treated animals.
ZNS Reverses OLZ-Associated Hyperphagia, Weight Gain, and Increased Feed Efficiency
Rats administered ZNS over 7 days following subchronic (8 days) osmotic mini-pump infusion of control (CV) weighed significantly less on day 12 and consumed significantly less chow on days 12-16 than CV animals (Figure 2a and b) . ZNS also induced a trend toward a decrease in feed efficiency on day 12 of osmotic mini-pump infusion and a decrease in average feed efficiency vs CV (À0.05 ± 0.02 vs 0.41 ± 0.04) (days 9-15 of ZNS treatment) (Figure 2c and d) . Rats treated with OLZ (OV) gained significantly more weight on days 11-13 and consumed significantly more chow than CV animals on days 10-14 of osmotic mini-pump infusion. Rats treated with OLZ (OV) also gained significantly more weight and consumed significantly more chow on days 13 and 14 compared with OZ animals (Figure 2a and b) . Additionally, OLZ (OV)-treated animals continued to eat significantly more chow than CV-treated animals on days 15 and 16 (and on day 15 compared with OZ) following the end of the time of drug infusion (Figure 2b ). OLZ treatment also induced a trend toward an increase in feed efficiency compared with CV and OZ on days 11-14 of osmotic mini-pump infusion, as well as on day 15 after the time of drug infusion (Figure 2c) . Figure 1 ZNS inhibits OLZ-associated weight gain, hyperphagia, and increased feed efficiency. Female Sprague-Dawley rats were implanted with osmotic mini-pumps containing a placebo control (CV) or olanzapine (OLZ) at 1.75 mg/day (OV), followed 2 days later by twice-daily injections with ZNS at 26 mg/ kg (OZ) or vehicle (CZ). Food intake and body weight were measured daily. ZNS inhibited OLZ-associated weight gain (a), food intake (b), daily feed efficiency (change in body weight (g)/change in food intake (g)) (c), and average feed efficiency (d). The shaded area is the time of drug infusion, which is followed by a drug washout period. *po0.05, **po0.01, ***po0.001 compared with the vehicle; # po0.05, ## po0.01, ### po0.001 compared with OLZ + ZON (OZ). Z1 ¼ start of ZNS injections (26 mg/kg, 0900/1700 h); Z2 ¼ end of ZNS injections.
Effect of zonisamide/olanzapine co-therapy on body weight NM Wallingford et al OV-treated animals also showed a threefold increase in average feed efficiency compared with CV-treated animals (1.20±0.05 vs 0.41±0.04) and a twofold increase compared with OZ-treated animals (1.20 ± 0.05 vs 0.65 ± 0.32) (Figure 2d ). There were no significant differences in body weight, food intake, or feed efficiency between the animals administered ZNS (7 days) following OLZ and the CVtreated animals (Figure 2a-d) . Therefore, treatment with ZNS reversed chronic OLZ-associated hyperphagia, weight gain and increased feed efficiency.
ZNS Reversed Acute OLZ-Associated Changes in Blood Glucose
Rats treated chronically with OLZ alone had significantly elevated blood glucose (127 ± 4.5 mg/dl) compared with vehicle-treated control animals (94.3 ± 7.1 mg/dl), animals receiving co-administration of OLZ and ZNS for 5 days (97.7±2.3 mg/dl), and animals treated with ZNS alone (109.2 ± 3.9 mg/dl). Rats treated chronically with ZNS alone and those receiving co-administration of OLZ and ZNS for 5 days did not have blood glucose levels significantly different from those in CV-treated animals (Figure 3a) . Thus, ZNS treatment lowered OLZ-associated elevated blood glucose in OZ-treated rats.
Mice treated with OLZ had significant increase in their non-fasting blood glucose levels 2 h after drug treatment at doses of 5 mg/kg (219.4±12.1 mg/dl) and 10 mg/kg (237.4 ± 12.8 mg/dl), compared with vehicle-treated animals (131.4±6.8 mg/dl) (Figure 3b ). There were no significant differences in non-fasting blood glucose between mice treated with 26 and 75 mg/kg of ZNS (139.2 ± 6.2/ 144 ± 5.3 mg/dl, respectively) compared with vehicle controls (132±9 mg/dl) (Figure 3c ). In another experiment, mice treated acutely with OLZ (10 mg/kg: 305 ± 10.6 mg/dl) or OLZ + ZNS (10 mg/kg + 26 mg/kg: 296.7 ± 13.6 mg/dl) had significantly elevated non-fasting blood glucose 2 h after drug treatment compared with vehicle-treated animals (131.3 ± 4.2 mg/dl). There were no significant differences in non-fasting glucose levels between mice treated acutely with ZNS (26 mg/kg: 109.7±11.6) and vehicle-treated animals, and between mice treated acutely with OLZ and OLZ + ZNS-treated animals ( Figure 3d ). The OLZ-associated acute increase in non-fasting blood glucose indicates that OLZ treatment alone can be a weight-independent factor in glucose dysregulation. Although acute ZNS treatment had no significant effect on acute OLZ-associated elevated blood glucose in mice, subchronic ZNS treatment resulted in the significant reduction of OLZ-associated elevated blood glucose in rats.
Figure 2 ZNS reverses OLZ-associated weight gain, hyperphagia, and increased feed efficiency. Female Sprague-Dawley rats were implanted with osmotic mini-pumps containing a placebo control (CV) or OLZ at 1.75 mg/day (OV), followed 8 days later by twice-daily injections with ZNS at 26 mg/kg (OV) or vehicle (CV). Food intake and body weight were measured daily. ZNS reversed OLZ-associated weight gain (a), food intake (b), daily feed efficiency (change in body weight (g)/change in food intake (g)) (c), and average feed efficiency (days 9-15 of ZNS treatment) (d). The shaded area is the time of drug infusion, which is followed by a drug washout period. *po0.05, **po0.01, ***po0.001 compared with the vehicle; # po0.05, ## po0.01 compared with OLZ + ZON (OZ). Z1 ¼ start of ZNS injections (26 mg/kg, 0900/1700 h); Z2 ¼ end of ZNS injections.
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ZNS Attenuates OLZ-Associated Activation of Neurons in the Nucleus Accumbens and LH of the Rat Brain
Acute administration of OLZ (10 mg/kg), ZNS (30 mg/kg), and OLZ + ZNS produced significant increase in the activation of cells (c-Fos-positive cells per section) compared with vehicle in the rat NAcC, NAcSH, and LH (Table 1 ; Figure 4 ). OLZ was associated with a significantly greater increase in c-Fos-positive cells when compared with ZNS alone in the NAcC and LH (Table 1; Figure 4 ). ZNS treatment produced significant attenuation of OLZ-associated cell activation in the NAcC and NAcSH, whereas a trend toward ZNS reduction in cell activation was observed in the LH (Table 1 ; Figure 4 ).
ZNS Attenuates OLZ-Associated Orexin Neuron Activation
Double labeling in rat brain via immunohistochemistry showed that acute OLZ treatment (OV, 10 mg/kg) significantly increased the percentage of orexin neurons expressing c-Fos (38.7±2%) compared with CV-treated animals (0.4 ± 0.2%) in the LH. Although ZNS treatment (30 mg/kg) also increased the percentage of c-Fos-positive orexin neurons (15.5±1.3%) compared with the control animals, the increase associated with OLZ treatment alone was attenuated by co-administration with ZNS (18.9 ± 2%) ( Figure 5 ; Table 2 ). Fluorescent immunohistochemistry showed MCH neurons as a separate neuronal population from orexin neurons and there were no instances of orexin + /MCH + cells ( Figure 6 ). All drug treatments resulted in negligible activation of MCH neurons and the number of orexin and MCH labeled neurons was not significantly different between treatment groups (Table 2) . Although both orexin and MCH neurons are associated with the induction of food consumption, it appears that the mechanism of OLZ-associated weight gain is MCH neuron independent.
DISCUSSION
The SGAs are effective antipsychotic agents; however, in some individuals, associated weight gain and related Figure 3 ZNS lowers OLZ-associated elevated blood glucose. Blood glucose was measured in female Sprague-Dawley rats 13 days post osmotic minipump implantation, 2 h after the 0900-h ZNS injection on day 5 of subchronic ZNS treatment of the weight gain and hyperphagia reversal experiment, and in C57BL/6J mice 2 h post OLZ, ZNS, or OLZ + ZNS treatment. (a) OV chronically treated rats had significantly elevated blood glucose levels compared with CV-treated rats. Although chronic ZNS treatment alone (CZ) increased blood glucose compared with control levels, subchronic ZNS treatment significantly lowered blood glucose levels in rats chronically treated with olanzapine (OZ) back to baseline levels. **po0.01 compared with the vehicle; ## po0.01 compared with OLZ + ZON (OZ). (b) Acute OLZ at 5 and 10 mg/kg significantly increased baseline blood glucose in mice (n ¼ 5, ***po0.001 compared with the vehicle). (c) Acute ZNS at 26 and 75 mg/kg had no effect on baseline blood glucose in mice (n ¼ 5). (d) Acute OLZ (10 mg/kg) and OLZ + ZNS (10 mg/kg + 26 mg/kg)-treated mice had significantly elevated blood glucose levels compared with vehicle-treated mice, while there were no significant differences in blood glucose levels between mice treated acutely with ZNS alone (26 mg/kg) and vehicle-treated mice (***po0.001 compared with the vehicle; ### po0.001 compared with OLZ + ZON).
metabolic consequences may limit their potential utility. One method to identify a clinical approach toward a weight management strategy is to better understand how SGAs might affect CNS feeding circuitry. Antipsychotic drugassociated weight gain in a male rodent model has been shown by Minet-Ringuet et al (2006) ; however, clozapine has not been found to induce weight gain or metabolic abnormalities in female rats, but was found to increase adiposity (Cooper et al, 2007) . Although antipsychotic drugassociated weight gain in rodent models is in dispute in regard to sex, drug administration, diet, dose, and antipsychotic agents used, the use of OLZ in female rats has consistently been demonstrated to reproduce the weight gain, increased adiposity, and metabolic disturbances seen in patients (Albaugh et al, 2006; Arjona et al, 2004; Coccurello et al, 2006; Cooper et al, 2005; Cope et al, 2005; Goudie et al, 2002; Raskind et al, 2007) . With a similar rodent model, we have shown that ZNS both inhibits and reverses SGA-associated hyperphagia, weight gain, and increased feed efficiency. In addition, ZNS attenuates both OLZ-associated elevated blood glucose, as well as OLZassociated activation of feeding-circuit neurons. The orexin neurons in the lateral hypothalamic/perifornical area (LH/PFA) express neuropeptides that are potent regulators of body weight, mood, arousal, and reward (Harris et al, 2005; Preti, 2002; Sakurai, 2003) . Orexin axons are distributed throughout the brain, and may regulate melanocortin circuits, which coexpress the orexigenic peptides neuropeptide Y and agouti-related protein associated with increased food consumption (Elman et al, 2006; Kalra and Kalra, 2004; Schwartz and Porte, 2005) . Fadel et al Effect of zonisamide/olanzapine co-therapy on body weight NM Wallingford et al found via Fos-like immunoreactivity (Fos-LI) that of the four SGAs associated with the greatest post-treatment weight gain, OLZ activated the highest density of cells in the medial LH/PF. In addition, OLZ activated 20-30% of orexin neurons found in the medial LH/PF (Fadel et al, 2002) . In contrast, MCH neurons of the LH, which are also associated with the induction of food consumption, were unaffected. Consistent with these findings, we found that OLZ induced the activation of 38% of the orexin neurons of the LH/PFA in rat brain, whereas a negligible amount of Fos-LI was seen in MCH neurons. This suggests a heterogeneity between these two groups of orexigenic neurons in regard to their neural connectivity and roles in the regulation of behavioral state (Cvetkovic et al, 2004; Modirrousta et al, 2005) . Although the exact mechanism of OLZ-associated weight gain is unknown, OLZ may be better characterized by the analysis of Fos-LI in nuclei receiving projections from orexin neurons with connections to feeding-circuit regions and reward pathways of the rat brain (Harris and AstonJones, 2006) . The orexin neurons are also known to project to key structures of the limbic system, and orexin receptors, both orexin receptor type 1 and type 2, are expressed in the NAcC and NAcSH (Cluderay et al, 2002; Hervieu et al, 2001) . Via Fos labeling, we found that OLZ induced a significantly larger degree of cell activation compared to vehicle in the nucleus accumbens (NAcC and NAcSh) and the LH. The significant increases in Fos-LI that we report are consistent with the findings of others (Ward et al, 2006; Will et al, 2003) . These increases in Fos-LI may imply a connection between the orexigenic systems involved not only in food intake, but also with reward-associated food preferences, including consumption of high-fat, palatable foods (Harris et al, 2005; Kelley et al, 2005; Preti, 2002; Sakurai, 2003) . In view of these results, we speculate that therapies aimed at mitigating OLZ-associated hyperphagia and weight gain may have targets in the orexin-regulated feeding networks of the central nervous system (Baptista et al, 2002; Elman et al, 2006) . Although the exact antiepileptic mechanism of ZNS has yet to be identified, it is known to enhance neuronal inhibition via modulation of several neurotransmitter systems. Antiepileptics have also been shown to potentiate both typical and atypical antipsychotic-induced prefrontal cortical dopamine release in the rat (Ichikawa et al, 2005) by 5-HT 1A receptor activation (Ichikawa and Meltzer, 1999) . D 2 receptor agonists are known to inhibit feeding in rats (Kuo, 2002; Terry et al, 1995) ; therefore, it is also possible that the anorectic properties of ZNS may relate to the augmentation of dopamine synthesis and/or stimulation of D 2 receptors (Okada et al, 1995) . The antiepileptic activity of ZNS may be mediated by a decreased production of GABA transporters, resulting in increased tissue and synaptic concentrations of GABA and enhanced GABA mediated neuronal inhibition (Czapinski et al, 2005) . ZNS is also thought to potentially inhibit glutamate mediated neuronal excitation (Maldonado-Irizarry et al, 1995) . This may explain our finding that ZNS attenuated the degree of OLZ-associated Fos-LI in the nucleus accumbens. Maldonado-Irizarry and co-workers also found that glutamate receptors in the NAcSh are involved in the control of feeding behavior via the LH. Moreover, both dopamine and GABA play a modulatory role in the regulation of this feeding response (Stratford and Kelley, 1997) . In addition, GABA in the NAcSh has been shown to participate in the central regulation of feeding behavior via food intake stimulation with the use of GABA agonists (Kandov et al, 2006; Stratford and Kelley, 1997 ). Although we have found ZNS to be an agent that is effective in inhibiting and reversing OLZ-associated increases in hyperphagia, body weight and blood glucose in our models, the need to further elucidate the mechanisms of ZNS associated weight loss, as well as a more complete analysis of the risks and benefits of its use as a co-therapy, need to be addressed in order to validate the viability of ZNS as a putative therapeutic agent.
In addition to central mechanisms, there are several known peripheral regulators of food intake, which may be affected by OLZ administration. OLZ may influence hormones associated with the regulation of insulin and/or glucose (Vestri et al, 2007) . The typical clinical path toward diabetes is associated with increased adiposity and subsequent changes in insulin sensitivity; however, the rapid onset of diabetes associated with SGA administration, and the disappearance of hyperglycemia after discontinuation in patients suggests that the development of diabetes in patients on SGAs may be an acute drug-related effect (Rettenbacher et al, 2007) . There is evidence that OLZ has direct effects on glucose regulation, possibly leading to hyperinsulinemia, hyperglycemia, and insulin resistance (Baptista et al, 2002; Graham et al, 2005; Melkersson and Hulting, 2001; Seemuller et al, 2005) . Of note, recent experiments show that SGAs may impair both the insulinresponsive glucose transport system, as well as lipolysis in adipocytes (Vestri et al, 2007) , demonstrating that antipsychotic drugs may differentially affect insulin action and metabolism through direct cellular effects in adipocytes. OLZ has also been associated with acute insulin resistance following a single dose in healthy animals (Houseknecht et al, 2007) , emphasizing the need for therapies aimed at managing unwanted metabolic side effects.
To our knowledge, there have been no previous reports of the effect of ZNS on blood glucose alone or in attenuating an acute drug-associated effect; however, studies with acetazolamide (a carbonic anhydrase inhibitor antiepileptic) in rats have shown that the integrity of carbonic anhydrase activity is required in order to allow a normal stimulation of insulin release by glucose (Sener et al, 2007) . In addition, topiramate, a novel antiepileptic drug, with some similarities to ZNS, has been shown to attenuate OLZassociated weight gain (Liang et al, 2005; Wilkes et al, 2005a, b) , decrease plasma glucose, and increase in vivo insulin sensitivity in adipocytes and skeletal muscle resulting from increases in adiponectin levels (Gustafson et al, 2003) . Here, we have shown that subchronic ZNS treatment attenuates chronic OLZ-induced elevated blood glucose. We have also shown that although acute ZNS administration may slightly lower baseline blood glucose levels, it has no significant effect on acute OLZ-induced elevated blood glucose. Therefore, the full complement of the glucose stabilizing properties of ZNS in OLZ-treated patients may require long-term co-therapy, however, the mechanism remains to be determined.
There are some limitations in the present work. Our studies were acute in nature. A study of longer duration with larger sample sizes would help address if the effects of ZNS co-therapy on OLZ-associated weight gain and elevated blood glucose are only transient or if a long-term effect is preserved. It would also provide some mechanistic insight to measure drug plasma levels, in order to determine whether ZNS or OLZ have altered metabolism or bioavailability as a result of concomitant administration. Although it is not possible to clearly specify that the hypophagic effect of ZNS is not due to toxic effects or stress, the reciprocal effects of ZNS on food intake and feeding efficiency in all likelihood suggest that ZNS is regulating energy balance. Most importantly, the exact mechanism(s) of FGA-and SGA-associated increases in body weight and the putative resultant metabolic liability are still unclear. Since various experimental rodent models have shown that sex, drug administration, diet, dose, and the antipsychotic agents used can dramatically affect the results observed, some caution must be used in regard to any potential therapeutic application in a patient population.
In this series of investigations, the SGA OLZ was shown to induce an activation of the appetite circuitry in the rat brain. In parallel, OLZ was also associated with hyperphagia, weight gain, and an acute elevation in blood glucose. ZNS attenuated both c-Fos activation and increased food intake/weight gain associated with OLZ. ZNS also negated the elevation in blood glucose after repeat administration (but not after a single dose). Antipsychotic drugs and anticonvulsant mood stabilizers are now frequently used in combination with one another in treating both schizophrenia and bipolar disorder. ZNS administration in patients has been shown to be well tolerated, with the majority of adverse events being mild to moderate and generally manageable (Baulac and Leppik, 2007) , and available data suggest that the risk of developing renal calculi during ZNS treatment is low (Wroe, 2007) . In addition, adjunctive ZNS for weight loss in euthymic bipolar disorder patients appeared to be effective and generally physically tolerated (Wang et al, 2007) . The fact that ZNS has been found to have mood-stabilizing properties and has rarely been reported in association with psychotic symptoms in treated patients is encouraging (Ettinger and Argoff, 2007) . These findings suggest that a combined SGA + ZNS approach in psychosis treatment might reduce the adverse weight gain profile seen in some patients and a validation in a patient population is encouraged and may hold promise for improvement in treatment adherence, and ultimately, provide opportunity for better long-term outcomes in schizophrenia.
